We use Transient Rayleigh Scattering to study the thermalization of hot photoexcited carriers in single GaAsSb/InP nanowire heterostructures. By comparing the energy loss rate in single bare GaAsSb nanowires which do not show substantial hot carrier effects with the core-shell nanowires, we show that the presence of an InP shell substantially suppresses the LO phonon emission rate at low temperatures leading to strong hot carrier effects.
Introduction
One of the barriers to efficiency in standard solar cells is the substantial loss of solar energy to heat as carriers thermalize before they are collected electrically. There is therefore substantial interest in controlling the thermalization process to reduce such losses and thereby increase the overall efficiency. [1] [2] [3] [4] [5] When electrons and holes are created with substantial excess energy, they first rapidly relax (< 1 ps) through the emission of longitudinal optical (LO) phonons through polar Frohlich interactions. 6 This creates a large non-thermal distribution of LO phonons which must equilibrate to the lattice temperature. In many materials, such as GaAs, GaSb and the ternary alloy GaAsSb, these non-thermal LO phonons can efficiently thermalize through the Klemens channel where a single zone center LO phonon decays into two counterpropagating LA phonons. However, in materials such as InP where ħω LO > 2 ħω LA , this thermalization process is inhibited and so the LO phonon populations can remain in a non-thermal state for extended periods which inhibits cooling of the electrons and holes resulting in a pronounced hot carrier effect. 7, 8 The subject of hot carrier effects in semiconductors has been of strong interest for the past twenty years since it was first realized that optical phonon emission could be strongly suppressed in certain materials or structures. [9] [10] [11] Substantial progress in understanding hot carrier thermalization in bulk and two dimensional materials has been made, but much less is known about how thermalization dynamics might be changed in semiconductor nanostructures. 12, 13 Numerous measurements have shown that hot carrier effects are more prominent in InP materials than GaAs-based nanowires, 14 while others have shown that hot carrier effects are more dominant in thinner nanowires, 15 and terahertz measurements have shown that strong stacking fault disorder can enhance hot carrier effects even further. [16] [17] [18] Here, we show for GaAsSb nanowires, which should not show hot carrier effects, growth of a surrounding InP shell can dramatically impact the thermalization dynamics of photoexcited carriers. We use transient Rayleigh scattering to measure directly the average energy per carrier as a function of time in single nanowires at 10 K and 300 K and so extract the energy loss rate for nanowires and nanowire heterostructures.
Experimental Details:
Semiconductor GaAs 0.7 Sb 0.3 core-only and GaAs 0.7 Sb 0.3 \ InP core-shell nanowires (NWs) were grown via the vapor-liquid-solid (VLS) growth method using gold catalysts and metalorganic vapor phase epitaxy (MOVPE). 19, 20 Figure 1a shows an SEM image of the morphology of the core-only and core-shell NWs. Fig. 1b shows a TEM image of a cross-section of a coreshell NW which displays the hexagonal inner core with non-polar {110} facets surrounded by outer truncated triangular-shaped InP shell with A-polarity {112} facet which inherits the zinc blende (ZB) twin free structure from the GaAs 0.7 Sb 0.3 core.
Under lattice-matched conditions GaAs 0.5 Sb 0.5 /InP heterostructures have been shown to display a type II band alignment with holes confined to the GaAsSb valence band with a 0.4 eV InP barrier, while the electrons are confined to the InP conduction band with a relatively modest GaAsSb barrier. 21 In these GaAs 0.7 Sb 0.3 \InP nanowires, the GaAsSb core is under tensile strain while the InP shell is under compressive strain. It is expected that the type I to type II transition should occur at approximately 30 to 40% Sb. Thus our expectation is that the holes are strongly confined to the GaAsSb core, while the electrons see nearly flat-band conditions in the CB between the core and shell. In these transient Rayleigh Scattering experiments, a Coherent Chameleon Ti:Sapphire laser with 150 fs 1.5 eV pulses with parallel polarization photoexcites a single nanowire. The change in the polarized scattering efficiency is monitored by a delayed mid-infrared output pulse (150 fs) from a Coherent Chameleon OPO laser with energies ranging from 0.79 eV -1.13 eV (1100 to 1570 nm). The polarization of the probe beam oscillates at 100 KHz between parallel and perpendicular to the NW using a photelastic modulator, and the scattered light from the NW is detected using a LN2 cooled InSb detector and a lockin amplifier. Using a mechanical delay line, the probe pulse can be delayed relative to the pump pulse (-100 to 2000 ps) so as to investigate the change in the scattering efficiency as the carriers decay.. To measure the changed scattering efficiency, the pump pulse train is chopped at 800 Hz and the output of the first lockin is detected by a second lockin amplifier tuned to this frequency. Thus we measure where . 22 The normalized TRS scattering efficiency has a derivative-like behavior as a fcuntion of energy and depends on the geometry of NW and the change of both the real and imaginary part of complex index of refraction which is function of energy, carrier density and temperature.
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Measurements:
Figure 2 (a) shows the time decay of the core-only and core-shell NWs at 10 K (blue) at a fixed 0.83 eV probe energy just below the band edge. The core-only NW decays rapidly to background with a 10 ps exponential decay, while the core-shell NW shows a remarkable 1800 ps exponential decay. This indicates that photoexcited carrier recombination in the core only GaAsSb nanowire is dominated by nonradiative surface recombination. The InP shell clearly passivates the surface states resulting in a much longer lifetime. Whether the band alignment is type II is an open question. In contrast, at room temperature ( Fig. 2(b) , 300 K), the core only wire shows a similar 10 ps fast decay, while the core-shell exhibits a slightly longer 150 ps time decay. This is consistent with the conduction band of the InP shell providing only very weak confinement of ~30 meV. By measuring the energy dependence of the polarized scattering efficiency one can obtain a more detailed look at the carrier dynamics.
26,27 Figure 3 shows such TRS spectra measured at ~ 10 K lattice temperatures at three different delay times of the probe pulse for (a) GaAs 0.7 Sb 0.3 core-only and (b) GaAs 0.7 Sb 0.3 / InP core-shell nanowires. As described by Montazeri et al, 24, 25 the zero crossing point of NWs TRS spectra occurs approximately at the band gap of the structure. The lineshape is critically dependent on the density and temperature of the electron and hole distributions. The core-only NWs display a zero crossing around 0.9 eV which is slightly shifting to the lower energy at later times. The lineshape is very broad at early times and narrows at later times which is indicative of filling of the conduction and valence bands with a dense and hot electron hole plasma which decays and thermalizes at later times. The behavior of the coreshell nanowires is very similar but extends over much longer time scales. Fig 4. shows TRS spectra for core-only and core-shell nanowires at 300 K. The behavior of the lineshapes for the core-only NWs is very similar to that at low temperature, while the lineshape for the core-shell NWs exhibits much more rapid decay and thermalization with time, consistent with the change in the time decays at room temperature. 
Theoretical Modeling:
As noted previously, 24, 25, 28 the lineshape of TRS spectra is sensitive to only three things: the density and temperature of the electron-hole plasma and the diameter of the nanowire. Through band filling, the absorption (the complex part of the index of refraction) of the nanowire is modified by the presence of the electrons and holes. In turn, the real part of the index of the refraction is also modified. The solid blue lines (red lines) in Figure 3 ( Figure 4 ) illustrate the line-shape of the theoretical modeling of based on the following assumptions: (1) The electrons and holes are in thermal equilibrium at all times because of the extremely rapid carrier-carrier scattering rate. (2) The sum of the heavy and light hole densities in the valance band equals the density of electrons in the conduction band. (3) When the pump is off, the background carrier density and temperature is assumed to be and 10 K (300 K) for low temperature (room temperature) experiments. We calculate the energy dependence of the absorption by using direct band-to-band transition theory when the conduction band and valance bands are occupied by hot electrons and holes respectively. As shown previously, 24, 25, 28 the TRS efficiency ( ) depends only on the diameter of the NW and the change in the real and imaginary part of complex index of refraction:
Where is the modulation phase factor that depends on the NW diameter, and is change of the complex index of refraction due to the occupied conduction and valence bands, where n is the index of refraction and k is proportional to absorption based on the formalism. Thus the derivative-like lineshape of is expressed as
Where A is an overall arbitrary amplitude factor. The individual time-resolved TRS spectra are modeled using this formula to extract the time-dependent carrier density and temperature in addition to the NW diameter. The absorption coefficient is calculated using
Where B is the radiative bimolecular coefficient, n is the average index of refraction that we have used the average values from the literature, is the 3D density of states in the conduction / valence band, is the Fermi-Dirac distribution probability that upper / lower states involved in the transition are occupied by electrons, with the quasi-Fermi energy related to both the carrier density N and temperature T, and is the upper state energy above the conduction band minimum. Using the Kramers-Kronig relation we transform the calculated absorption coefficient to acquire the index of refraction as a function of energy, carrier density and temperature.
To fit TRS spectra as a function of time, the absorption coefficient and index of refraction ( and ) are calculated as a function of energy, carrier density and temperature (E, N, T) until the spectra are best fit to the resulting lineshapes calculated using the expression for . By minimizing the difference between the theoretical line-shape and the data points, we are able to determine the electron-hole density and temperature for each delay time. The fits displayed in Fig. 4 result in nanowire diameters of 70 nm and 130 nm for core-only and core-shell nanowires, which are consistent with cross-sectional TEM measurements. 20 The timedependent density and temperature extracted from the fits of spectra at 10 K (Fig. 4(a) ) are shown in Figure 5 . The temperature (Fig. 5 a) of the photoexcited electrons and holes in the coreonly NWs drops from 400 K to 200 K in 20 ps, while in the core-shell NWs it takes nearly 2000 ps to drop to 140 K from the same initial temperature. The orange squares (pink hexagons) in Fig. 5b show the normalized carrier densities in the core-shell (core only) NWs at times after photoexcitation which shows good agreement with the time decays shown previously. The initial carrier density for core-only nanowires is around and for core-shell NWs is about . The fits confirm that the carrier density in the core-shell NWs takes 600 times longer to decay. This is perhaps suggestive with a type-II band alignment of the electron and hole wave functions, but not conclusive. The fits to 300 K spectra (see Fig. 4(b) ) result in the same 70 nm and 130 nm diameters for the core-only and core-shell NWs. The density and temperature extracted from these fittings at room temperature are shown in figure 6 . These fits show exhibit extremely rapid carrier thermalization in the core-only nanowires from 500 K just after the pump pulse to 320 K within ~20 ps. The core-shell NWs show a slower thermalization from 550 K to 320 K within 150 ps (Figure 6(a) ). The normalized carrier densities obtained from the fits are shown in figure 6(b) with purple hexagons for core-only NWs and green squares for core-shell NWs. These points display a good agreement with the related TRS time scan. The initial densities that are obtained are for the core-only NWs and for the core-shell NWs.
From the fits to the time-resolved scattering spectra from these nanowires it is possible to draw a number of conclusions. The first is that the InP shell clearly passivates non-radiative surface states in the GaAsSb nanowires at both 10 K and 300 K resulting in substantially longer recombination lifetimes in the core-shell nanowires. The much larger lifetime enhancement observed at low temperatures perhaps indicates that the band alignment of the core-shell NW is marginally type-II with electrons confined to the InP with a 30 meV confinement energy. However, the carrier temperature dynamics also indicate that the presence of the InP shell clearly causes a substantial slowing of the thermalization times. GaAsSb (like GaAs) is not known as a material which shows substantial hot carrier effects. In the following sections we quantify the change in the energy loss rate in the core-shell NWs.
Carrier Thermalization:
Through this fitting process we can determine the electron and hole densities (their quasi Fermi energies) and temperature as a function of time. We can therefore calculate the dynamic change in the average energy per particle of electrons and holes using the expression: [29] [30] [31] Where is the quasi-fermi energy and is the ith fermi integral defined as usual. Using this result and the measured dynamics of the temperature and Fermi energies for electrons and holes we can plot (see Fig. 7 ) the average energy per electron hole pair as a function of time after photoexcitation for both the core-only and core-shell nanowires at 10 K. One can see that the average energy per electron hole pair falls much more rapidly with time for the core-only nanowire than for the core-shell nanowire. The thermalization of electrons and holes is determined by the scattering (emission) rate of the carriers with optic and acoustic phonons which determines their energy loss rate. 10, 32, 33 From the average energy per pair, we can calculate the energy loss rate (ELR) versus time simply by calculating a numerical derivative. The ELR calculated in this way is shown in Fig.  8(a) for the core-only NWs and Fig. 8(b) for the core-shell nanowires. The difference between the core only and core-shell nanowires is immediately obvious as the ELR for the core only is three orders of magnitude larger than for the core-shell nanowires. Indeed, the reduction in the energy per particle reflects the thermalization of the carriers as a function of time. The derivative dE/dt of this function shows the dynamics of the energy loss rate (ELR) as a function of time. Because the thermalization process is dominated by emission of both optic and acoustic phonons, it is clear that: [30] [31] [32] The left side of the equation is determined directly from the TRS measurements. Hot carrier effects in semiconductors occur because of a large suppression of the LO emission rate because of hot phonons which cannot down convert efficiently to acoustic phonons. On the other hand, if one knows the acoustic deformation potential the ELR for acoustic phonons is quite well understood. 34 This means that it is possible to extract the LO phonon ELR simply by subtracting the ELR for acoustic phonons directly from dE/dt calculated from the TRS data.
For example, dE/dt from the TRS data for the core-only nanowires shows a total ELR which is ~10 10 eV/s, on the other hand given the deformation potential of 1.6 eV the acoustic phonon ELR is just below 10 8 eV/s. This means that the thermalization of hot carriers in the core-only nanowire is completely dominated by optic phonon emission which explains the rapid decrease in temperature of the carriers (see Fig. 8 a) .
On the other hand the 10 K measurements in the core-shell nanowires shows a radically different behavior. While the total ELR starts at 10 9 eV/s it fall rapid to mid 10 7 eV/s and decreases slowly after that. Calculations of the acoustic phonon ELR shows that the late time ELR is completely determined by the acoustic phonon ELR. By subtracting the acoustic phonon ELR from dE/dt, we therefore obtain the dynamics change in the optic phonon ELR in the coreshell nanowires. This shows that the optic phonon ELR dominates at times less than 200 ps after the pump pulse but falls rapidly below the acoustic phonon ELR at later times(see Fig. 8 b) . The dash lines in Fig. 8 a, b display the ELR due to LO phonon emission based on Ridley expression. 29, [35] [36] [37] In this calculation, LO phonon ELR depends on carrier temperature and density, lattice temperature and reabsorption of LO phonons which represent by a coefficient in that formalism. For a given 0.0025 reabsorption coefficient ELR due to LO phonon emission is pretty close to carrier ELR in core-only nanowire and it has nice corresponding with other method of calculation. But in core-shell nanowire by using same value of reabsorption coefficient (0.0025), ELR is close to our calculation using another method but in the late time it is ~10 9 eV/s which is much higher than carriers ELR. Since this coefficient depends on the material features and it should be constant for whole carriers decay time, there should be some physical quantity which change over time.
The optic phonon ELR is just related to the emission rate of the optic phonons through ħω/τ*, where τ* is the time between optic phonon emissions. 38 This shows that the optic phonons emission rate for the core-only nanowires is ~2 ps, while that for the core-shell nanowires at 10 K is 10 ps at the earliest times but rapidly increases by three orders of magnitude to 4000 ps by 1 ns after the pump pulse (see Fig. 8 c, d ). The dash line in Fig. 8 d shows τ* for ELR calculation of LO phonons based on Ridley expression with 0.0025 reabsorption coefficient. We see that it has a constant value of ~2 ps for whole relaxation time which that constant value does not explain ELR of our TRS measurement.
Essentially emission of optic phonons is nearly completely suppressed in the core-shell nanowires within 200 ps.
Similar analysis of TRS data taken at room temperature (300 K) shows that the optic phonon emission time for core-only nanowires drops to 100 fs, while that for the core-shell nanowires remains stable at 5 ps. This implies that even at room temperature hot carrier effects are not negligible in GaAsSb/InP nanostructures (see Fig. 9 ). The dash lines in this graph is ELR based on Ridley expression with 0.025 reabsorption coefficient. This coefficient is 10 times larger than 10 K value and the calculations shows the nice corresponding with other method of calculation for core-only nanowires, but for core-shell nanowires LO phonons ELR is almost one order of magnitude larger than TRS results for total ELR and consequently it gives one order magnitude smaller τ*. 
Discussion:
The conclusion from the previous analysis is that a GaAsSb semiconductor nanowire made of material which should not show hot carrier effects, shows very strong hot carrier effects at low temperatures if a thin 10 nm InP shell is added to the nanowire. There are only two ways this can happen: First, the Frohlich interaction which describes the interaction of the electrons and optic phonons is suppressed in some way, or second, the anharmonic decay of the optic phonons is somehow strongly suppressed in the core-shell nanowires resulting in much longer lifetimes and so a buildup in the nonthermal population of the optic phonons results. Over the past decade there has been intense interest in phonon engineering whereby one can use nanoscale heterostructures to tune the phonons in a material and also their interactions. 39, 40 Spatial confinement of phonons in nanostructures have been shown to strongly impact their dispersion, group velocity and density of states. 39, 41, 42 While there have been a few papers which claim theoretically that the electron-phonon coupling can be impacted by the presence of a heterostructure, most conclusions are that such an effect is small. On the other hand, there are a number of papers which indicate that a shell can strongly impact the acoustic phonons in the nanowire, particularly if there is a large impedence mismatch between the core and the shell. 43 44 The impedance, defined as η = ρ v s , where ρ is the density and v s is the sound velocity in the material, is substantially larger (40%) for the GaAsSb core than in the InP shell. Thus the outer shell is "softer" than the core, and this has been shown to deplete the density of states of the phonons in the core and confining the phonons to the shell, particularly for large wavevectors (high frequencies). A number of papers have shown theoretically that the thermal conduction in both two-and one-dimensional structures can be strongly suppressed with the addition of a softer cladding layer. Others have shown that the mobility in the core can be enhanced by suppression of the acoustic phonon modes in the core. Similarly, Stroscio and Dutta has shown that in a nanostructure where the optic phonons are confined while the acoustic phonons are not that the anharmonic decay of the optic phonons is suppressed, resulting in a factor of two longer lifetimes. 45 The question is whether in the present case of a 70 nm diameter GaAsSb core and a 10 nm thick InP shell such confinement effects could be relevant. Two estimates of size scales where phonon confinement effects can be seen are when the diameter of the wire is either comparable to λ T = h v s /k B T or the diameter of the wire is less than the phonon mean free path, d MFP = 3K/(C V v s ). At 10 K the thermal wavelength is approximately 20 nm while the mean free path is typically >200 nm. Moreover, recently Balandin et al showed using Brioullin scattering that confinement of acoustic phonons can be observed at room temperature even in GaAs wires which are 130 nm in diameter. 46 We conclude therefore that confinement of phonons is certainly applicable for the 10 nm InP shell, and the core should certainly show effects at low temperatures. The fact that the hot carrier effects in the core-shell nanowire are stronger at low temperature may reflect the temperature dependence of the thermal phonon wavelength and the mean free path.
Conclusions:
We have shown using Transient Rayleigh Scattering in both bare GaAsSb NW and a GaAsSb/InP core-shell NW that the presence of the InP shell strongly influences hot carrier effects in these structures. For the GaAsSb core essentially no hot carrier effects are seen, and the thermalization of photoexcited carriers is completely dominated by optic phonon emission at both 10 K and 300 K. On the other hand, in the GaAsSb/InP core-shell NW at 10 K the optical phonon emission is seen to be completely suppressed at times longer than 200 ps and so thermalization is determined almost completely by acoustic phonon deformation potential scattering. At 300 K, thermalization of hot carriers in the core shell NW is determined by the optic phonon emission, but strong hot carrier effects are still observed with the emission rate reduced by an order of magnitude from the bare core NW. This provides the first evidence that it might be possible to use concepts from phononic engineering to control hot carrier effects in semiconductors.
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